We report synthesis and characterization of a novel PEG 2000 -conjugated hexadecylcarbamoylmethyl hexadecanoate (HDAS-PEG) as a PEG-phospholipid substitute for enhancing circulation persistence of liposomes. HDAS-PEG showed critical micelle concentration of 4.25 μM. We used post-insertion technique to introduce HDAS-PEG in outer lipid layer of the preformed liposomes. The presence of surface HDAS-PEG was confirmed by altered electrophoretic mobility, confocal microscopy and PEG estimation by ELISA. The post-inserted HDAS-PEG desorbed at approximately half the rate at which post-inserted DSPE-PEG desorbed from the liposome surface. HDAS-PEG significantly reduced liposome-induced complement activation (C4d, Bb and SC5b); HDAS-PEG was more effective than more commonly used DSPE-PEG in this capacity. For studying circulation persistence, the liposomes were labeled with 99m Tc radionuclide and administered in rats. 99m Tc-HDAS-PEG-liposomes showed prolonged persistence in blood as compared to that shown by 99m Tc-plain liposomes. After 24 h of administration, < 1% of 99m Tc-plain liposomes remained in blood, whereas approximately 28% of injected 99m Tc-HDAS-PEG-liposomes were present in blood. In comparison, only 4.8% of 99m Tc-DSPE-PEG-liposomes was measured in blood after 24 h. As expected, the clearance route of the liposomes was through liver and spleen. These results demonstrate the potential of a novel nonphosphoryl HDAS-PEG for surface modification of preformed liposomes with a goal of prolonging their circulation persistence and more effective inhibition of complement activation.
Introduction
Phospholipids are major constituents of biomembranes and have been the classic ingredients of liposomes. Being present naturally, they are assumed to be not toxic. However, molecular entities containing phosphoryl moiety are reactive in biological milieu. Oxidative modification and/or fragmentation of phosphatidylcholines generate potent inflammatory mediators that mimic the biologic action of platelet-activating factor (Zimmerman et al., 1995) . We have also reported that negatively charged dimyristoylphosphatidylcholine (DMPG)-liposomes have a tendency to activate platelets (Awasthi et al., 2007) . The net anionic charge on the phosphate moiety of polyethylene glycol (PEG)-phospholipids has been reported to play a key role in complement activation and anaphylotoxin production (Moghimi et al., 2006) . On the other hand, Gamma irradiation, a potential technique for sterilization of liposome preparations, has been shown to increase hemolytic behavior of liposomes containing phospholipids (Stensrud et al., 1999) . Moreover, phospholipids are susceptible to phospholipase-mediated breakdown and their extraction and synthesis is associated with significant costs. Considering these characteristics of phospholipids, the development of non-phospholipid amphiphiles as liposome constituents has considerable merit (Bastiat et al., 2007) . As compared to the phospholipids, non-phospholipid substituents offer significant advantages related to economics, safety, stability and versatility.
Previously, we reported synthesis of an anionic non-phospholipid as a replacement of DMPG in liposomes, and its use in the enhancement of hemoglobin encapsulation . The resultant liposome-encapsulated hemoglobin (LEH) was structurally similar to the liposomes composed only of phospholipids, and improved cerebral energy metabolism in a rat model of hemorrhagic shock . With a long-term goal of complete replacement of phospholipids in liposomes without compromising structural characteristics of liposomes, here we report a novel PEG-lipid, PEG 2000 -conjugated hexadecylcarbamoylmethyl hexadecanoic acid (HDAS-PEG). PEGphospholipids have been successfully used for the preparation of long-acting and more stable and efficacious formulations, such as liposomal amphotericin B, doxorubicin, daunorubicin, etc (Cattel et al., 2003) . Surface modification of liposomes with PEG delays their rapid clearance by the mononuclear phagocyte system (MPS) and increases the mean residence time in circulation (Awasthi et al., 2004) . It is believed that the surface PEG forms a highly hydrated film of water which sterically hinders opsonization of liposomes and their subsequent uptake by the MPS (Ahl et al., 1997; Szebeni et al., 2000; Torchilin et al., 1994) . This stealth property of PEG-modified liposomes is governed by the thickness of the PEG layer, which in turn is a function of the length of PEG chain.
The reported HDAS-PEG could be synthesized from readily available and inexpensive chemicals. It prolongs circulation persistence of liposomes while remaining non-reactive towards complement proteins. We introduced HDAS-PEG into preformed liposomes by post-insertion technique. While the physicochemical mechanism of post-insertion has been explained (Sou et al., 2000) , a direct evidence of the presence of PEG on the post-inserted liposome surface is lacking. We provide for the first time the verification of PEG-lipid existence on the liposome surface and its time-and dilution-dependent desorption.
Materials and methods
Unless otherwise mentioned, all the chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and/or various suppliers through VWR Scientific (West Chester, PA) and were used without further purification. Tetradecenyl succinic anhydride was a gift from Vertellus Specialties Inc. (Indianapolis, IN) . Methoxy PEG Amine, HCl Salt (MW 2000) was purchased from Jenkem Technology (Allen, TX). For liposome preparations, the phospholipids were purchased from Lipoid (Ludwigshafen, Germany), Avanti Polar Lipids (Alabaster, AL) or NOF Corporation (Tokyo, Japan). High purity cholesterol was obtained from Calbiochem (Gibbstown, NJ). 1 H NMR spectra and 13 C NMR spectra were recorded at 300 MHz, and 75 MHz on Mercury-VX 300 (Varian Inc., CA).
Synthesis of HDAS-PEG
A novel amphiphilic lipid (HDAS-PEG) containing hydrophilic polyethylene glycol (PEG 2000 ) on one end and hydrophobic ethylene chains on the other end was synthesized ( Figure 1a ) by amidification between PEG amine and NHS-ester of 2-Hexadecylcarbamoylmethyl-hexadecanoic acid (HDAS). The precursor lipid HDAS was obtained by reacting tetradecenyl succinic anhydride and hexadecylamine, followed by catalytic hydrogenation. The final product was purified by dialysis and characterized by 1 H NMR and DSC (Figure 1 ). Differential scanning calorimetry (DSC) was outsourced to Photometrics, Inc. (Huntington Beach, CA). Briefly, the DSC thermograms were obtained on a 2920 Modulated DSC machine (TA Instruments New Castle, DA) with a refrigerated cooling System. The calibration of the equipment for temperature and for enthalpy was performed using indium. Samples (5-10 mg ) were placed in aluminum pans and nitrogen gas purged at 40 mL/min. An empty aluminum pan was used as a reference. Samples were heated from −20 to 150°C, with a rate of 2°C/min. The data was analyzed using the "TA Universal Analysis" software.
2-Hexadecylcarbamoylmethyl-hexadec-3-enoic acid (1, HDA)-Tetradecenyl succinic anhydride (8.60 g, 29.21 mmol) and hexadecylamine (5.86 g, 24.27 mmol) were allowed to react in presence of pyridine (10.0 mL) at 80°C for 3 h. The reaction mixture was extracted into dichloromethane (DCM, 200 mL) and washed three times with 10% HCl (100 mL). The organic phase was separated, dried with sodium sulfate and concentrated to obtain white solid of unsaturated HDA (11.50 g, yield 88% 2-Hexadecylcarbamoylmethyl-hexadecanoic acid (2, HDAS)-HDA (5.8 g, 10.82 mmol) was dissolved in 200 mL of toluene at 60°C and reduced by passing hydrogen gas in the presence of catalyst palladium/charcoal (5%, 50 mg) at atmospheric pressure for 48 h. The reaction mixture was filtered on a Buchner funnel and passed through a short silica gel column to remove the catalyst. The product (5.6 g, yield 96%) was obtained as white solid by evaporating toluene under vacuum. 1 171.31, 41.75, 37.21, 31.90, 31.58, 29.68, 29.64, 29.58, 29.54, 22.67, 14.09 2-Hexadecylcarbamoylmethyl hexadecanoic acid 2,5-dioxo-pyrrolidin-1-yl ester (3, HDAS-NHS)-HDAS (5.0 g, 9.29 mmol ), N-hydroxysuccinimide (1.07 g, 9.29 mmol), N,N'-dicyclohexylcarbodiimide (1.92 g, 9.32 mmol) were allowed to react in anhydrous dimethylformamide (100 mL) with vigorous stirring for 24 h. The solid precipitate appeared after the completion of reaction was removed by filtration. The solution was concentrated by evaporating the solvent under reduced pressure. The crude product was purified with silica gel column chromatography using dichloromethane and ethyl acetate (90:10) to obtain (3.8 g, yield 64%) white powder. 1 176.84, 172.92, 40.37, 39.85, 31.90, 31.39, 29.67, 29.60, 29.55, 29.28, 25.58, 22.66, 14.08 
Critical Micellar Concentration (CMC) of HDAS-PEG
In order to examine the hydrophobic domain formation of HDAS-PEG in aqueous solution, we measured fluorescence spectral changes of N-phenylnaphthylamine (NPN) as a function of [HDAS-PEG] . Briefly, the samples were prepared by adding increasing concentrations of HDAS-PEG (0.5 to 8 μM) into a saturated aqueous solution of NPN. The solutions were kept undisturbed overnight at room temperature before measuring fluorescence spectra. The fluorescence spectra were recorded at 90° detection angle on Shimadzu 5000U-DR15 spectrofluorophotometer (Columbia, MD) equipped with a Xenon excitation source.
Cytotoxicity of HDAS-PEG
Human Umbilical Vein Endothelial Cells (HUVEC) and RAW 264.7 cells (ATCC, Manassas, VA) were grown in Dulbecco's modified Eagle's medium supplemented with FBS (20% and 10%, respectively), penicillin G (100 U/mL) and streptomycin (100 μg/mL) at 37°C in 5% CO 2 atmosphere. The cells were plated in 96-well plates at a density of 4,000 cells/well. After 24 h of culture, the cells were treated with 100 μL of medium containing 1, 2 and 5 mg/mL of phospholipid in HDAS-PEG-containing liposomes. Separately, cytotoxicity of HDAS-PEG solution in DMSO was also evaluated (1-5 mg/mL, 100 μL). After 48 h of exposure to the treatments at 37°C, the cell viability was measured by colorimetric MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay at 570 nm. The results were presented as percent viability as compared to the untreated control.
Preparation of Liposomes
Lipid hydration method was used for the preparation of liposomes. 1,2-dihexadecanoyl-snglycero-3-phosphocholine (DPPC), 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1′-racglycerol) (sodium salt) (DMPG), cholesterol (CHO) and vitamin E in 45:10:44.8:0.2 mol% were dissolved in a mixture of chloroform : methanol (2:1), filtered through 0. 2 μm nylon filter, and transferred into a round bottom flask. The solvent mixture was evaporated at 45°C on a rotavapor (Buchi R-210) to form a thin film of lipid mixture. Any trace of organic solvents was removed by keeping the film under vacuum for additional 12 h. The lipid film was rehydrated with water, vortexed and the suspension was lyophilized overnight (Triad Lyophilizer, Labconco, Kansas City, MO). The dried mixture was again hydrated with 100 mM aqueous solution of glutathione (pH 6.8-7.0, adjusted with dilute NaOH). The lipid suspension was sequentially extruded (Lipex Biomembranes Inc., Vancouver, Canada) through polycarbonate membranes of 1, 0.6, 0.4 and 0.2 μm pore size. The extrusion was performed at 55°C and repeated at least 5 times for each pore size. The final extrudate was divided into two equal halves. One-half of the preparation was subjected to PEGylation with HDAS-PEG and the other was stored at 4°C as plain liposomes. For comparison purposes, an additional liposome preparation was also manufactured in order to post-insert DSPE-PEG 2000 .
Insertion of HDAS-PEG in Preformed Liposomes
External insertion of PEG-lipid into the liposome bilayer was performed essentially by the method reported previously (Awasthi et al., 2004) . Briefly, 0.05 mmol (equivalent to approximately 10% of the total lipid in the liposomes) of HDAS-PEG was dissolved in 50 mL of water and filtered through 0.2 μm. The solution was gradually added to a diluted suspension of liposomes, such that the concentration of HDAS-PEG remained below its CMC as determined above. The mixture was stirred overnight at 37°C in inert (N 2 ) atmosphere during the addition of HDAS-PEG solution using a programmable syringe pump (Chemyx Inc., Satfford, TX). The preparation was washed free of any unincorporated HDAS-PEG, by tangential flow filtration using 10 volumes of PBS (pH 7.4) in a 2 sq ft 0.05 μm hollow fiber filter (Minntech Filtration Technology Group, Minneapolis, MN). The PEGylated preparation was concentrated by centrifugation at 45,000 rpm for 45 min at 5°C (Optima L-100 XP ultracentrifuge, Beckman Coulter, Fullerton, CA). The supernatant was removed, the pellet was resuspended in PBS, and the centrifugation cycle was repeated two times to completely eliminate extravesicular glutathione and unincorporated HDAS-PEG. The second half of liposome preparation (plain liposomes) was identically handled except that no PEGylation was performed in these liposomes. The final pellets of PEG-liposomes and plain liposomes were resuspended in PBS (pH 7.4) containing 300 mM sucrose and stored at 4°C until further use. Identical methods were used for the post-insertion of DSPE-PEG 2000 .
The phospholipid concentration in the liposome preparations was determined by colorimetric method of Stewart (Stewart, 1980) using Perkin-Elmer Lambda 4B UV/Vis spectrophotometer (Waltham, MA). Particle size, size distribution and zeta potential of the liposomes were studied with dynamic light scattering (DLS) using a Zeta PLUS analyzer (Brookhaven Instruments Corp, Holtsville, NY) equipped with 532 nm laser.
Desorption of PEG-lipid from liposomes
The rates of PEG-lipid desorption from post-inserted liposomes post-inserted with HDAS-PEG and DSPE-PEG was investigated in vitro. Approximately 1:50 diluted PEG-liposomes were dialyzed against 150 mL of PBS (pH 7.4) at 37°C with constant shaking. A similar dilution of plain liposomes served as a negative control. The dialysis chamber consisted of Pierce's 7,000 Da MWCO Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific, Rockford, IL). The external buffer was sampled at various times for PEG estimation by ELISA as described below. The slope of percent PEG released versus time plot afforded the apparent rate of PEG-lipid desorption (k' dsorp ). In an alternate set up, the PEG-liposomes were diluted with PBS to various levels. The diluted samples were continuously and vigorously vortexed at room temperature. After 24 h, the samples were centrifuged at 14,000 rpm for 1 h at 4°C to sediment the PEG-liposomes. The percent of PEG released was plotted against the dilution factor. The concentration of PEG in the supernatant was determined by ELISA.
Transmission electron microscopy (TEM)
To visually document the formation of liposomes using non-phospholipid HDAS-PEG, we performed electron microscopy at the Oklahoma Medical Research Foundation's Imaging Core Facility, Oklahoma City (OK). Transmission electron micrographs were obtained using a Hitachi H-7600 Transmission Electron Microscope at 30,000 X operating at 120 kV. Briefly, the TEM samples were prepared by placing dilute suspension of liposomes on a formvar-coated copper grid (400 mesh) and allowing it to stand for 3 min in air. The excess sample was removed, followed by negative staining with 1% aqueous uranyl acetate solution. The stained sample grid was allowed to air dry for 5 min before the measurements.
Laser Scanning Microscopy (LSM)
To confirm HDAS-PEG insertion into the liposome, we performed LSM of PEGylatedliposomes immunolabeled with Alexa Fluor® 488 Dye. Briefly, an 8-chambered tissue culture glass slide was coated with liposome samples for 16 h at 4°C. The wells were washed three times with 0.05% Tween 80, followed by washing twice with deionized water. The nonspecific sites were blocked with 0.25% bovine serum albumin for 30 min. The wells were washed and incubated with 2,000 X dilution of goat anti-PEG antibody (Epitomics, Burlingame, CA) for 2 h. The excess antibody was removed by washing with PBS, followed by another 2 h-incubation with Alexa Fluor® 488 Dye-conjugated donkey anti-goat IgG antibody (Invitrogen, Carlsbad, CA) at a dilution of 1:1,000 in blocking buffer. Finally the samples were imaged using a Zeiss LSM-710 Multiphoton Laser Microscope (Oklahoma Medical Research Foundation, Oklahoma City).
PEG Enzyme-Linked Immunosorbent Assay (ELISA)
For the estimation of inserted PEG-lipid within the liposomes, we employed indirect PEG-ELISA. Briefly, the wells of Immulon 4 strips (Thermo, Milford, MA) were coated overnight with pure standard PEG-lipid diluted with 0.1 M NaHCO 3 /Na 2 CO 3 , pH 8.0 (1:1,000,000). The wells were washed three times with 0.05% Tween 80, followed by washing twice with deionized water. The nonspecific sites were blocked with 0.25% bovine serum albumin for 30 min. The wells were washed and incubated for 2 h with 2,000 X dilution of rabbit anti-PEG antibody. After washing the wells, horseradish peroxidaseconjugated anti-rabbit IgG antibody (Cell signaling, Danvers, MA) was added at a dilution of 1:1,000. After a 2 h incubation, the wells were washed again and incubated with tetramethylbenzidine substrate (Amresco, Solon, Ohio). The reaction was stopped by adding 50 μL of 2 N H 2 SO 4 and the plate was read at 450 nm. The regression coefficient for a least-square linear fit to the standard curve of PEG was 0.99. The limit of detection for PEGlipid was 5 ng/well.
Complement Activation
We examined both classical and alternative complement pathways by determining C4d (classical marker), Bb (alternate marker) and SC5b (S protein-bound terminal complex) using Quidel's MicroVue complement EIA kits (Santa Clara, CA). Plain liposomes without HDAS-PEG, but of identical composition were used for comparison. The test preparations were incubated with serum from healthy donors (1:5 v/v) for 1 h at 37°C. The mixtures were diluted with PBS and centrifuged to remove any liposome particles (14 krpm for 30 min at 4°C). The supernatants were diluted 1:30 (Bb), 1:40 (SC5b) and 1:70 (C4d).
For comparison of HDAS-PEG and DSPE-PEG, preformed liposomes (DSPC: DMPG: CHO, 50:10:40 mol%) were post-inserted with either HDAS-PEG or DSPE-PEG at a concentration of 5 mole percent. Serum was collected from blood obtained from three volunteers and complement C3a plus and complex SC5B-9 was measured.
Radiolabeling of Liposomes
The presence of encapsulated glutathione enables the labeling of liposomes with 99m Tclabeled hexamethylpropyleneamine oxime ( 99m Tc-HMPAO) using a procedure described previously (Phillips et al., 1992) . Freshly prepared 99m Tc-HMPAO was obtained from OUHSC-Nuclear Pharmacy (Oklahoma City, OK). 99m Tc-HMPAO (0.15 mL, approximately 5 mCi) was added to 0.50 mL of liposome preparations, and incubated at room temperature with occasional swirling. After 30 min, the labeled liposomes were passed through a PD-10 column (GE Healthcare Life Sci, Pittsburg, PA) to separate any radioactivity not associated with the liposomes. The labeling efficiencies of 99m Tcliposomes were determined by performing paper chromatography in saline.
Imaging and Tissue Distribution Studies in Rats
The animal experiments were performed according to the National Institutes of Health Animal Use and Care Guidelines and were approved by the Institutional Animal Care Committee of the University of Oklahoma Health Science Center. Sprague Dawley rats were divided in two groups of five each. The first group received 99m Tc-plain liposomes, whereas the second group received 99m Tc-PEG-liposomes. All injections (0.4 -0.6 mCi, 0.5 mL and approximately 4.3 mg phospholipid dose) were performed in the tail vein of rats under 2% isoflurane anesthesia (Butler Schein Animal Health, Dublin, OH) in a stream of oxygen. After radioactivity administration, the anesthetized rats were imaged by a NanoSPECT machine (Bioscan Inc., Washington, DC) at various times before euthanasia with an overdose of Euthasol (Virbac Corporation, Fort Worth, TX) at 24 h post-injection. Various organs were excised, washed with saline, weighed, and appropriate tissue samples were counted in a gamma counter (PerkinElmer Life and Analytical Sciences, Boston, MA). Femur with bone marrow was taken as representative of bone. Total blood volume and bone and muscle mass were estimated at 5.4%, 10% and 40% of body weight, respectively. A diluted sample of injected liposomes served as a standard for comparison.
Data Analysis
The data were statistically analyzed by the univariate analysis of variance using GraphPad Prism software for Windows (La Jolla, CA). For multiple comparisons, Bonferroni's post hoc test was applied. All average values were given ± standard error of mean. The acceptable probability for significance was p < 0.05. In order to obtain profiles of liposome distribution in blood and MPS, the images were analyzed by drawing regions of interest (ROI) around heart and liver voxels. The radioactive counts were normalized by the counts associated with the whole body and plotted with respect to time. All calculations pertaining to 99m Tc radioactivity involved correction for decay of 99m Tc (t 1/2 6.0 h).
Results and Discussion
In recent years considerable resources have been directed toward the development of lipid bilayer vesicle delivery systems using lipid amphiphiles other than phospholipids (Mathur and Capasso, 1997) . The reasons for this interest in non-phospholipids are the biological reactivity, relative instability and the costs associated with extraction and synthesis of phospholipids (Bastiat et al., 2007; Gupta et al., 1996) . Phosphoryl moiety of phospholipids carries a negative charge which has been linked to many hypersensitivity reactions observed with the usage of intravenous liposome products (Bonte and Juliano, 1986; Chonn et al., 1991) . Such biological reactions are frequently seen even with highly purified phospholipids, and are believed to be associated with complement activation (Funato et al., 1992; Harashima et al., 1994; Ishida et al., 2002; Liu et al., 1995; Matsuo et al., 1994) . Therefore, we hypothesized that a synthetic PEG-lipid devoid of phosphoryl moiety is biologically more acceptable. We synthesized a novel PEG-conjugated neutral lipid and post-inserted it into a liposome preparation for prolonging their circulation persistence in a rat model. PEGylation results in an increase in particle diameter and change in electrophoretic mobility secondary to a reduction in the surface charge of liposomes upon PEG binding (Sugiyama and Sadzuka, 2011) . Being able to accurately detect and quantify the extent of liposome surface modification is required for achieving the necessary precision when developing and testing their biological properties. Here, we provide conclusive evidences that the technique of PEG post-insertion in preformed liposomes achieves the intended physical stealthiness of liposome surface for prolonging circulation persistence.
HDAS-PEG Synthesis and characterization
HDAS-PEG was synthesized by following the scheme provided in Figure 1a . In a previous report, we published the synthesis of an intermediate anionic lipid 2 . In order to conjugate PEG, PEG 2000 -amine was reacted with NHS-activated 2. The entire synthesis is relatively easy and provides excellent yields. The structure of HDAS-PEG was confirmed by NMR (Figure 1b) . In DSC, HDAS-PEG showed a major endothermic transition at 52.5°C followed by another endothermic reaction at 56.6°C (Figure 1c) . The peak temperatures on the graph are printed by the instrument software and represent onset of the peak; the major peak maximum occurred at 51.1°C (-117.6 J/g). These may not be melting points, but are the temperatures corresponding to the maximum release of heat.
Amphiphilic molecules are characterized by a characteristic concentration, known as critical micellar concentration, at which the individual molecules aggregate into micellar structures. We determined CMC of HDAS-PEG by a fluorescence-based method using NPN as a probe. Though NPN is weakly fluorescent in aqueous solution, its fluorescence spectrum in the presence of HDAS-PEG shows about 10 times increase in intensity accompanied by a 30 nm blue-shift. The change of relative fluorescence intensity (I/I 0 , where I and I 0 are the fluorescence intensities of NPN in the presence and absence of HDAS-PEG, respectively) with increasing polymer concentration is increased (Figure 2 ). This suggests that the probe molecules are encapsulated in non-polar environments within the lipids aggregates (Saitoh et al., 2002) . The corresponding shift of the emission maxima of NPN (Δλ = λ in water -λ in HDAS-PEG solution ) with increasing [HDAS-PEG] shows an inflection point at 4.25 μM which can be referred to as CMC of HDAS-PEG (Figure 2, inset) . Widely used PEGphosphatidylethanolamines (PEG-PE) show CMC in the concentration range of 8-20 μM (Priev et al., 2002) .
As a particulate and long-circulating drug delivery vehicle, PEG-liposomes are expected to mostly interact with two cell types-vascular endothelial cells and macrophages responsible for clearing the particulate material. Therefore, we tested potential toxicity of HDAS-PEG in HUVEC and RAW 264.7 cells. HDAS-PEG was tested both in liposome form as well as alone in solution (DMSO) form. As shown in Figure 3 , HDAS-PEG as well as liposomes containing HDAS-PEG did not show any effect on the viability of these two cell lines. In general, cationic lipids and phospholipids with low phase transition temperature are toxic to cells (Fraga et al., 2011; Senior et al., 1991) . Liposomes bearing rigid lipid chains provide more stable and less toxic interface between biological system and the formulation. Earlier, Miller, et al showed that HeLa (epithelial) cells endocytose positively charged liposomes to a greater extent than either neutral or negatively charged liposomes, whereas J774 macrophages interacted more with both cationic and anionic liposomes as compared to neutral liposomes; PEGylation eliminated the endocytic uptake of negatively charged liposomes (Miller et al., 1998) . Like its phospholipid analog DSPE-PEG, HDAS-PEG is also a high melting lipid.
Liposome preparation-After characterizing the new HDAS-PEG lipid, we used it to modify the surface of pre-formed liposomes (DPPC:DMPG:CHOL:Vit-E = 45:10:44.8:0.2 mol%). We used approximately 10 mole % of HDAS-PEG solubilized in warm water. Conventionally, the PEG modification of liposome surface is accomplished by incorporating PEG-PEs in the lipid phase just prior to its hydration with an aqueous phase (Phillips et al., 1999) . However, this technique also results in the PEG brush or mushroom occupying the limited encapsulation-worthy space inside the liposomes. The same steric hindrance that makes PEG useful for prolonged circulation may also exclude the drugs and biomolecules from getting encapsulated (Nicholas et al., 2000) . In addition to undesirably restricting the real estate available for drugs, the internal PEG-phospholipids is also amenable to acid/base-catalyzed hydrolytic degradation in pH gradient liposomes. The hydrolysate has the potential of compromising the active loading and retention of drugs inside such liposomes (Nakamura et al., 2012) . Equally important is the economic consideration of having expensive, but essentially ineffective (if not detrimental) internal presence of PEG-lipid which is not contributing to the intended enhancement of stability and circulation persistence of liposomes (Figure 4) . The smaller the liposome size, the greater is the impact of PEG on each of the above outcomes. In the case of multi-lamellar liposomes, the magnitude of this wastage is even greater (Awasthi et al., 2004) .
Realization of the problems associated with conventional PEG-phospholipid incorporation led to the technique inserting PEG-PE in the outer layer of pre-formed liposomes (Uster et al., 1996) . This useful technique is known as post-insertion or post-modification of liposomes, and is beginning to attract applications in liposome-based drug and biologic delivery (Awasthi et al., 2004; Nakamura et al., 2012; Puri et al., 2009; Sou et al., 2000) . We also chose post-insertion technique to introduce HDAS-PEG into the preformed liposomes. To prevent self-assembly of HDAS-PEG during post-insertion, its concentration was maintained at a level lower than CMC. The thermodynamic barrier to insertion into liposome bilayers is lower in case of monomeric PEG-lipids than that in case of selfassembled micellar PEG-lipids. Estimation of PEG concentration by ELISA indicated that the molar ratio of DPPC to HDAS-PEG was approximately 0.25. The physicochemical characteristics of the resultant liposomes are listed in Table 1 . The images from negativestaining TEM revealed the spherical nanostructure formations with average diameter below 200 nm which was expected after extrusion through polycarbonate filter with a well-defined pore size 200 nm filter (Figure 5a and 5b) . Furthermore, the mean diameters of the liposomes were in good agreement with the determination made using DLS. The narrow polydispersity of both of the preparations suggest that liposomes had homogeneous size distributions. On the other hand, PEGylation significantly altered the zeta potential of liposomes (Table 1 ). The relatively high negative zeta potential of plain liposomes was reduced by approximately 26 and 22 mV after PEGylation with HDAS-PEG and DSPE-PEG, respectively. The shift in electrical mobility provided us with the first proof that postinserted PEG was occupying the surface of the liposomes. The presence of PEG on the surface moves the slipping plane further away from the liposome surface (Boada et al, 2001) . At the same time, the drag or brushing caused by the presence of PEG chains on the liposome surface reduces the mobility of the liposomes (http://www.azonano.com, 2005). It is notable that the negative zeta potential value of liposomes PEGylated with HDAS-PEG is even lower than the similarly manufactured liposomes of alike composition but PEGylated with commercial PEG-phospholipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine [methoxy (polyethyleneglycol)] (DSPE-PEG) (Hinrichs et al., 2006) . This is probably due to the net neutral charge of synthetic HDAS-PEG compared to the net negative charge of PEGphospholipids (Yang et al., 2007) . To further confirm the presence of HDAS-PEG on the liposome surface, the liposomes were labeled with anti-PEG antibody and confocally micrographed using Alexa Fluor® 488 Dye-conjugated anti-IgG antibody. The green fluorescence (Alexa Fluor® 488 emission) emanating from the liposome surface clearly shows the presence of surface PEG (Figure 5c ). Plain liposomes without HDAS-PEG did not show any emission (not shown).
Regardless of the presence of surface PEG, PEGylated liposomes are eventually cleared by MPS in vivo. Why PEGylation does not provide more extended circulation persistence than is normally observed? We hypothesized that the PEG-lipid molecules desorb from the liposome surface as the biological fluids dilute the administered PEG-liposomes, resulting in gradual loss of PEG-conferred stealth property. In order to test this hypothesis, we estimated the desorbed PEG in a buffer separated from PEG-liposomes by a 7 KDa MWCO dialysis membrane. Figure 6a shows the profile obtained of PEG in the dialysate of HDAS-PEG-liposomes during 24 h incubation at 37°C. For comparison, an identically prepared DSPE-PEG-liposome preparation was also subjected to the same treatment. We were able to detect PEG in the dialysate starting at 1 h, and the [PEG] dialysate increased with time. PEG desorption from both PEG-liposome preparations demonstrated linearity. The k' dsorp of DSPE-PEG (1.9% h −1 ) appears to be almost double the k' dsorp of HDAS-PEG (0.99% h −1 ).
In case of micellar HDAS-PEG or DSPE-PEG also, the amount of PEG released in the dialysate increased linearly, and there was not much difference between the release profiles of the two (Figure 6b ). Over 80% of micellar HDAS-PEG or DSPE-PEG equilibrated with dialysis medium over the course of 24 h. The amount of PEG desorbed in relationship with dilution is shown in Figure 6c . Because the dilution experiment was carried out at room temperature (25°C) which was substantially below the melting temperature of the major lipid DPPC (T m = 41°C), the quantity of PEG desorbed from the liposome surface was small. However, there was a difference in the desorption profile between HDAS-PEG and DSPE-PEG, with the former appearing more resistant to desorption than the latter. These results also suggest that PEG desorption is a time-and dilution-dependent phenomenon and might also be occurring in vivo after administration. The rate of desorption in vivo could be expected to be higher because physiological milieu is characterized by the better maintenance of sink conditions and the presence of plasma as the bathing fluid. Earlier, Parr et al, studied the retention of PEG coating on the liposome surface and found that removal of the hydrophilic coating in vivo is dependent on the nature of the lipid portion and the nature of the linkage between the lipid and PEG (Parr et al., 1994) .
Complement activation-Complement proteins play an important role in liposome clearance from circulation Szebeni et al., 2003; Szebeni et al., 1997c) . A complement-dependent rapid, but transient, decrease in circulating platelets immediately following infusion of liposomes has also been noted (Phillips et al., 1997) . Studies in animal models have revealed that the presence of anionic phospholipids in liposomes causes complement activation (Moghimi et al., 2006; Szebeni et al., 1997a, b) , resulting in platelet micro-aggregates that are sequestered by the MPS (Loughrey et al., 1990) . Recently, we reported the effect of liposome charge on platelet activation by LEH in a rabbit model (Awasthi et al., 2007) . This platelet activation is partially prevented by PEGylation and reduction in anionic phospholipid content (Awasthi et al., 2007) . Since, HDAS-PEG is devoid of anionic phosphoryl group, we hypothesized that liposomes prepared from HDAS-PEG will not activate complement proteins.
We examined both classical and alternative complement activation pathways by determining anaphylotoxins C4d (classical marker), Bb (alternate marker) and SC5b (S protein-bound terminal complex). Plain liposomes without PEG 2000 , but of composition identical to that of PEG-liposomes, were used for comparison. The levels of C4d, Bb and SC5b-9 in serum treated with various preparations are shown in Figure 7 . The results clearly suggest that post-insertion of HDAS-PEG eliminated the liposome-induced complement activation. The results confirm the ability of post-inserted HDAS-PEG in preventing reactions which have been classified as complement-activation-related pseudoallergy or CARPA (Szebeni, 2005; Szebeni et al., 2000) . Others have also reported attenuation of complement activating tendency of liposomes after PEGylation (Ahl et al., 1997; . In a separate set of experiments we also compared the relative abilities of HDAS-PEG liposomes and DSPE-PEG liposomes to inhibit complement activation. Both DSPE-PEG and HDAS-PEG were post-inserted in the preformed liposomes as described previously. We found that HDAS-PEG post-insertion was more effective in reducing the liposome-induced complement activation (Fig. 8) . While HDAS-PEG was effective in inhibiting complement activation in all three subjects, DSPE-PEG was significantly effective in only one subject. The reasons for this variation are unknown at present, but could be ascribed to inherent physiology of the respective subjects or timing of blood collection.
Imaging and Biodistribution of PEG-liposomes-The ultimate test of success of PEGylation strategy is its performance after administration in a live animal model. The intended in vivo goal of liposome PEGylation is to prolong its circulation persistence and reduce MPS uptake secondary to their opsonization with complement proteins. In order to test the in vivo performance of liposomes post-inserted with HDAS-PEG, the liposome preparations were labeled with gamma ray-emitting radionuclide ( 99m Tc) and injected in rats. The labeling of the liposomes with 99m Tc was reproducible and the efficiency of labeling was always ≥ 85% (Table 1) . Further purification by gel exclusion chromatography yielded over 95% 99m Tc-liposomes. The circulation of liposomes was visually monitored over a period of 24 h after administration. For the best comparison, we simultaneously imaged two animals receiving the labeled HDAS-PEG liposomes and plain liposomes. Separately, an additional group of animals was investigated for circulation and biodistribution of 99mTc-labeled DSPE-PEG liposomes. The dynamic images (Figure 9a ) taken immediately after injection show that the difference in blood pool signal in a pair of rats injected with plain liposome and HDAS PEGylated liposomes starts to appear within 5 min of injection. The heart-bound radioactivity is taken as 99m Tc-liposomes circulating in blood pool. By 6 h post-injection (and more so by 24 h), the majority of injected plain liposomes was cleared from circulation, whereas the HDAS-PEG and DSPE-PEG liposomes were still in circulation. Liver and spleen were the major organs of plain liposome accumulation. The early (45 min) accumulation of plain liposome-associated 99m Tc radioactivity in urinary bladder indicates the release of 99m Tc radioactivity after metabolic processing of liposomes in the MPS. The difference in circulation persistence between HDAS-PEG and DSPE-PEG liposomes was only evident at 24 h. While blood pool in heart still carried substantial signal from HDAS-PEG liposomes at 24 h, DSPE-PEG liposomes were more or less eliminated. Further analysis of images was performed by drawing ROI around heart pixels and comparing the decrease in signal emanating from the ROI with respect to time. Figure 9b provides a profile of blood circulation and liver accumulation for plain, HDAS-PEG and DSPE-PEG liposomes. It is clear that simultaneous to the enhanced circulation, the liver-associated liposomes are lower in the liposomes post-inserted with HDAS-PEG-lipid than either of the other preparations. It must be noted however that even if this image-based circulation kinetics provides clear differences in relative performances of liposome preparations, it is semiquantitative and is limited by the lack of more image data points for appropriate curve fitting. A more elaborate intermittent blood sampling-based approach is best suited for absolute quantification of circulation half-lives.
To quantify the accumulation of the injected liposomes in various organs, the rats were euthanized after imaging at 24 h ( Table 2 ). The major organs of radioactivity accumulation were blood, spleen, liver, bone and kidney; other organs accumulated negligible amount of activity. In the case of HDAS-PEG liposomes, significantly higher radioactivity (40 times) was observed in the blood as compared to that in case of plain liposomes. Although the levels of plain and PEG liposomes accumulation in the MPS (liver and spleen) appear similar, much of the MPS-associated plain liposomes are cleared from the body by 24 h. The higher muscle-associated PEG-liposomes are indicative of their presence in muscular vascular space. Both the images and the biodistribution data is consistent with previously published reports on plain and PEG-liposomes (Awasthi et al., 2004; Nakamura et al., 2012; Puri et al., 2009; Sou et al., 2000) . Compared to 28% of HDAS-PEG liposomes in blood, only ~5% of DSPE-PEG liposomes were measured in circulation after 24 h. These images and the biodistribution results provide clear differences in circulation persistence between the two preparations, and offer an in vivo evidence of HDAS-PEG performing to enhance circulation of liposomes. The difference between circulation persistence of HDAS-PEG and DSPE-PEG liposomes could be partially attributed to potentially lower opsonization of former by complement proteins. Another factor that was not investigated in this study might be the resistance of HDAS-PEG to the metabolic processing.
Conclusions
We report synthesis of a novel PEG-conjugated lipid that could be used to PEGylate liposomes for enhancement of circulation persistence. HDAS-PEG is as effective in enhancing circulation persistence of liposomes as the conventional PEG-phospholipids, such as DSPE-PEG, but with more inhibitory capacity of complement activation. We believe that as a substituent for PEG-phospholipids, HDAS-PEG could be easily scaled up because the precursor chemicals are readily available and inexpensive. We provided structural, biochemical and in vivo evidence of successful HDAS-PEG application in enhancing liposome characteristics. While the long-term toxicity of such non-phospholipid analogs remains to be evaluated, the new lipid appears to be nontoxic to cells in vitro, attenuates complement activation and reduces uptake and clearance of liposomes in MPS. Moreover, the potential of liposome destabilization and accompanying leakage of encapsulated material should be considered during post-insertion and appropriate measures should be taken to eliminate this possibility. PEGylation by post-insertion of HDAS-PEG attenuates liposome-induced complement activation. The complement proteins in human serum were determined by enzymeimmunoassay after treatment with plain liposomes or HDAS-PEG liposomes for 1 h. C4d and Bb are the markers for classical and alternate pathways, respectively, whereas SC5b is S protein-bound terminal complex. Average titers and standard error of mean were determined for six individual reading (* p < 0.05). Post-inserted HDAS-PEG is more effective than post-inserted DSPE-PEG in inhibiting liposome-induced complement activation. Preformed liposomes (DSPC: DMPG: CHO, 50:10:40 mol%) were post-inserted with either HDAS-PEG or DSPE-PEG at a concentration of 5 mole percent. The post-insertion technique was same as described in the methods section. Serum was collected from three volunteers and complement C3a plus and complex SC5B-9 was measured. The results are average of three replicates (±sem). Demonstration of enhanced circulation persistence of liposomes PEGylated by postinsertion of HDAS-PEG or DSPE-PEG: (a) Representative scintiimages of rats injected with 99m Tc-labeled plain, HDAS-PEG and DSPE-PEG liposomes, and (b) the profiles of heart-and liver-associated 99m Tc-liposomes with respect to time.
